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Frequency conversion in a nonlinear optical material is an effective method of achieving coherent terahertz wave radiation due to its wide tunability and room-temperature operation. We studied terahertz wave parametric generators ͑TPGs͒ and oscillators using noncollinear phase matching in LiNbO 3 ͑LN͒ as widely tunable terahertz wave sources for generating nanosecond pulse terahertz wave radiation based on stimulated polariton scattering. [1] [2] [3] [4] In addition, nanosecond near-monochromatic terahertz wave pulses can be produced by mixing two near-infrared ͑near-IR͒ laser beams in nonlinear crystals using difference-frequency generation ͑DFG͒.
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Quasimonochromatic terahertz wave radiation is generally measured using a Si bolometer at 4.2 K. While this approach has proven very effective, the bolometer is a slow response detector with a time constant of several hundred microseconds; furthermore, to reduce noise, it must be operated at cryogenic temperatures. Room-temperature direct terahertz wave detectors such as pyroelectrics and Golay cells offer poor sensitivity. Thus, there is a critical need for a sensitive detector that works at noncryogenic temperatures so that quasimonochromatic nanosecond terahertz wave pulses can be used more widely in a variety of important applications. 6, 7 Optical detectors in the near-IR/visible region offer excellent performance with very high efficiencies, low noise equivalent power ͑NEP͒, large bandwidths, and roomtemperature operation. Thus, if it were possible to convert terahertz radiation to visible/near-IR, even at relatively low efficiency, more sensitive terahertz wave detection than is currently possible should be achievable. IR detection by optical mixing has long been considered effective for highly sensitive IR and far-IR detection. Recently, Shi et al. observed DFG by mixing weak terahertz and strong near-IR waves in a GaSe crystal. 8 As a terahertz wave detector, however, detection sensitivity for terahertz wave radiation is no better than that of a liquid-He-cooled bolometer.
We considered using frequency upconversion and parametric amplification in nonlinear MgO : LiNbO 3 crystals to detect terahertz wave radiation. 9 This involves mixing terahertz wave radiation with an intense near-IR pump beam to generate light at a difference frequency due to the stimulated polariton scattering. This difference-frequency upconverted signal is then parametrically amplified by a MgO : LiNbO 3 optical parametric amplifier for highly sensitive detection. The upconverted light has an intensity that is proportional to that of the incident terahertz wave radiation and it also preserves the phase information of the terahertz wave. Terahertz wave radiation parameters can then be determined by studying the upconverted radiation detected with an InGaAs-based photodiode.
In this letter, we report the experimental results of coherent detection of narrow-linewidth terahertz radiation at room temperature using frequency upconversion and parametric amplification in a nonlinear MgO : LiNbO 3 crystal. We demonstrated this method in a fast and very sensitive terahertz wave detector running at room temperature that is capable of capturing the temporal profile of terahertz pulses with nanosecond resolution and is more sensitive than a typical liquidHe-cooled Si bolometer for detecting nanosecond pulsed terahertz wave beams. Figure 1 shows a schematic of the experimental setup for room-temperature detection of monochromatic terahertz wave pulses. The terahertz wave radiation was generated by an injection-seeded TPG ͑is-TPG͒. 3 The pump beam was provided by a single-mode Q-switched Nd:YAG ͑yttrium aluminum garnet͒ laser, the same source that we used to pump the is-TPG.
In our experiment, the detection crystal was made of MgO : LiNbO 3 and consisted of two parts: the input coupling crystal and the parametric amplifying crystal. The input coupling crystal was designed as an equilateral trapezoid. The terahertz wave from the is-TPG was collimated and focused using a pair of off-axis 150 mm parabolic gold mirrors and a 50 mm cylindrical terahertz wave TSURUPIKA lens, so that it was incident normal to the longer side of the crystal's parallel surfaces. The terahertz wave TSURUPIKA lens is transparent to both terahertz and visible wavelengths and has the same refractive index in both regions. Thus, it is easy to collimate and trace the beam propagation of an invisible terahertz wave by setting a visible laser diode as a collimator in the counterpropagating direction of the terahertz wave beam. The pump beam was incident normal to one of the beveled edges and total reflection occurred at the longer side of the parallel surfaces. The angle between the direction of propagation of the terahertz wave beam and the pump beam inside the crystal was 65°in accordance with the phase-matching conditions in the MgO : LiNbO 3 crystal. A cascade of two nonlinear crystals with a total length of 130 mm in the optical parametric amplifier ensured the necessary gain. Mixing the terahertz wave signal with the intense pump pulse at the input of the detector crystal created a narrow-linewidth difference-frequency upconverted signal ͑ i = p − T ͒. This upconverted signal was parametrically amplified by the 130 mm MgO : LiNbO 3 optical parametric amplifier for highly sensitive detection.
Since the frequency of the upconverted signal was very close to that of the strong pump beam, the angle outside the crystal between the pump and upconverted beam was only about 1°-3°, and the pump beam was easily scattered into the upconverted signal. Special attention was required to separate the pump beam from the upconverted signal. Two specially manufactured edge filters, developed by Optoquest Corp., Japan, were used to separate the amplified upconverted beam from the strong pump beam. These filters are very steep short-wavelength pass filters ͑SWPFs͒ that provide excellent transmittance to the beam for a wavelength shorter than 1064 nm ͑pump beam͒ and more than 70% reflection for a wavelength longer than 1067 nm at an incident angle of about 30°. Another primary noise source in this terahertz wave detection scheme is parametric fluorescence, a fundamental noise generated by the parametric scattering process inside the crystal ͑typically 10 −9 parts in the total pump photon number͒. The severity of both types of noise can be reduced by decreasing the pump intensity. We demonstrated that the best sensitivity was obtained at a pump energy of 16 mJ/pulse with a pump beam waist of 1.3 ϫ 1.1 mm 2 ͑full width at half maximum͒ at the incident facet of the input coupling of the MgO : LiNbO 3 crystal.
The upconverted signal separated from the pump laser was then detected using a high-speed InGaAs p-i-n photodiode with a NEP of 4 fW/ Hz −1/2 and a 400 MHz cutoff frequency at a load resistance of 50 ⍀. This was connected to a fast digital oscilloscope to capture the temporal profile of the upconverted signal.
Terahertz wave radiation prior to entering the LN detection crystal was measured with a liquid-He-cooled Si bolometer. The intensity of the terahertz wave radiation was adjusted using a standard wire-grid beam splitter and a series of terahertz wave attenuators. We were uncertain of the calibration to determine precise values of the power of the nanosecond terahertz wave radiation, so we used the voltage output from the bolometer to characterize the intensity of the terahertz wave radiation directly. We did not convert the output voltage into absolute power or energy units. Figure 2͑a͒ shows the measured temporal profiles of the upconverted signal at different incident terahertz wave energy levels. The absolute peak power for the upconverted signal was converted from the output voltage of the InGaAs photodiode using the spectral response of the photodiode. The T = 10% and T = 1% annotations in Fig. 2 refer to measurements of the temporal profiles of terahertz wave radiation and the upconverted signal using inserted terahertz wave attenuators with 10% or 1% transmittance, respectively. Figure 2͑b͒ is a partial vertical extension of Fig. 2͑a͒ . The black line in Fig. 2͑b͒ was recorded by blocking the injected terahertz wave beam with a transparent glass plate; it indicates the noise from residual pump scattering and parametric fluorescence. The power of the noise background at the peak of the upconverted signal ͑t =0 s͒ was 6.7 mW, about eight times greater than the noise baseline of the InGaAs photodetector. Although the noise background of the LN detection was measured, the NEP of the LN detection cannot be calculated since we lack terahertz wave energy data based on exact power calibration.
FIG. 2. ͑a͒ shows the measured temporal profiles of the output upconverted signal at different incident terahertz wave intensities. The inset shows the bolometer measurements of the terahertz wave radiation prior to entering the LN detection crystal. The T = 10% and T = 1% annotations refer to measurements of the temporal profiles of THz-wave radiation and the up-converted signal by inserting terahertz wave attenuators of 10% or 1% transmittance, respectively. ͑b͒ is a partial vertical extension of ͑a͒.
The inset in Fig. 2͑a͒ shows the bolometer measurements of the terahertz wave radiation prior to entering the LN detection crystal. This shows that for a typical Si bolometer the lowest detectable terahertz wave energy is about 10% of the total terahertz wave radiation. However, our LN detector detected terahertz wave radiation at only 1% of the total energy, as indicated by the triangles in Fig. 2͑b͒ . This demonstrates that the LN detector can easily observe terahertz wave signals at least one order of magnitude lower than the lowest detectable energy per pulse detected by a typical Si bolometer. We believe that the sensitivity could be further improved by careful selection of the pump pulse energy and development of high-quality optical filters for pump beam separation.
According to the temporal profiles of the upconverted beam in Fig. 2͑b͒ , the pulse width determined at the halfmaximum points was 4.13 ns. Assuming that the near-IR and terahertz input signals have Gaussian temporal profiles, the pulse width for the terahertz wave signal was calculated to be 4.7 ns. This is a reasonable pulse width for terahertz wave radiation generated by an is-TPG. Therefore, our detector is capable of capturing the temporal profiles of nanosecond terahertz pulses, whereas a Si bolometer has a slow response with a time constant of approximately 300 s, and offers only the "average power" per terahertz pulse. Figure 3 shows the measured pulse energy of the upconverted beam as a function of the incident terahertz wave energy. The pulse energy of the upconverted signal was calculated according to the pulse width and peak power. The terahertz wave energy was characterized by its temporal profile peak voltage as measured by the Si bolometer. The linear least-square fit to the data is given by the straight line in Fig.  3 . The intensity of the upconverted signal was proportional to that of the incident terahertz wave radiation and no saturation was observed, even when the injected terahertz wave energy generated an upconverted signal with 2.9 J pulse energy ͑about 700 W peak power͒, which was more than five orders stronger than the noise background of this LN detector ͑6.7 mW͒.
This study demonstrated a fast and extremely sensitive terahertz wave detector that is capable of capturing the temporal profile of terahertz pulses with nanosecond resolution and is at least one order of magnitude more sensitive than a typical liquid-He-cooled Si bolometer for detecting nanosecond pulsed terahertz wave beams. An additional advantage of this detector is that it operates at room temperature. The overall system is important for applications in highresolution coherent spectroscopy in the far-IR region.
